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We present a class of dark matter models, in which the dark matter particle is a feebly interacting massive particle (FIMP) produced via the decay of an electrically charged and/or
colored parent particle. Given the feeble interaction, dark matter is produced via the freezein mechanism and the parent particle is long-lived. The latter leads to interesting collider
signatures. We study current LHC constrains on our models arising from searches for heavy
charged particles, disappearing tracks, displaced leptons and displaced vertices. We demonstrate not only that collider searches can be a powerful probe of the freeze-in dark matter
models under consideration, but that an observation can lead as well to interesting insights
on the reheating temperature and thus on the validity of certain baryogenesis models.
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Introduction

For many years already, the so called Weekly Interacting Massive Particle (WIMP) miracle has
guided (astro)particle physics in its endeavor to identify the nature of dark matter (DM), naively
expecting a WIMP mass around the electroweak scale. However, as neither direct or indirect
detection experiments, nor the LHC has provided any hint for a WIMP so far, new directions
are currently being pursued. One possible explanation for the non-observation of DM so far
could be that DM is a Feebly Interacting Massive Particle (FIMP) 1 . In contrast to a WIMP
that is in thermal equilibrium at early times and creates the DM abundance via the freeze-out
mechanism, a FIMP is assumed not to be in equilibrium at early times. It gets produced via
the decay of a parent particle F that has sizable couplings to the SM. Once the temperature
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falls below mF , the production gets suppressed and the DM abundance freezes-in. Due to its
feeble interaction to the DM particle s, F occurs to be a long lived particle (LLP) and leads
to a variety of non-prompt signatures at collider experiments 2 . Via a bottom-up approach, we
defined a class of models 3 that is motivated by the least number of exotic fields for successful
DM freeze-in but can, at the same time, be explored by collider signatures. We performed a
recasting of the relevant LLP searches for our freeze-in models.
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The class of models

We extended the SM by a real scalar DM candidate s, a singlet under SU (3)c × SU (2)L × U (1)Y ,
and a vector-like fermion F , a singlet under SU (2)L . Both s and F are chosen to be odd under
a Z2 symmetry. The corresponding Lagrangian reads


µ2
λs
L = LSM + ∂µ s ∂ µ s − s s2 + s4 + λsh s2 H † H
(1)
2
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1 + γ5
/ F − mF F̄ F −
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+ F̄ iD
2
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with f = {e, µ, τ }, {u, c, t} or {d, s, b} being the right-handed SM fermion. This leads to
three possible models with the left-handed component of the vector-like fermion F transforming as (1, 1, −1) (leptonic model) or (3, 1, −2/3) and (3, 1, 1/3) (hadronic model) under
SU (3)c × SU (2)L × U (1)Y . In the following, we will only consider the up-type case for the
hadronic model and generally neglect couplings to the third generation fermions. Moreover,
we set the DM self-coupling λs = 0 and the Higgs portal term λsh = 0 3 . Hence, we are
left with three free parameters ms , mF , {ysf }. We assume ms < mF and a feeble coupling
{ysf } ∼ O(10−13 − 10−7 ). We implemented this class of models in FeynRules. The corresponding model files can be downloaded from 4 .
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Cosmological and indirect constraints

Relic density. In our set-up, DM is mainly produced via the decay of a vector-like particle
F . We make the assumption that the initial DM density is ns = 0 and DM is produced during
radiation domination. Thus, the DM yield Ys is given by
Z mF /T0
90 MPl gF
K1 (x)
p
Ys ≈ 4
Γ
dx x3
,
(2)
2
8π · 1.66 mF
g∗s (mF /x) g∗ (mF /x)
mF /TR
with gF being the internal degrees of freedom of F , and g∗ and g∗s the effective degrees of freedom
for the energy and entropy densities, respectively. The temperature today is denoted by T0 , TR is
the reheating temperature, and x = mF /T . The function K1 (x) is the modified Bessel function
of the second kind. By assuming that s contributes to the DM abundance, we can relate the
decay length cτ to the particle masses ms and mF , and the reheating temperature TR ,


2 
3/2 R mF /T0 dx x3 K (x)
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The relation above indicates that for mF  TR , long particle lifetimes are expected.
Lyman-alpha forest and Big Bang Nucleosynthesis. However, if F decays too late,
it may effect the predictions from Big Bang Nucleosynthesis (BBN). In our collider analysis we
focused on decay lengths in the range [1cm, 104 m], where the longest corresponds to a temperature of roughly 150 MeV. This means that the decay happens much before the onset of BBN
and will not alter the history of BBN.
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Figure 1 – Drell-Yan pair-production of F and its subsequent decay.

Besides, DM with a non-negligible velocity dispersion can possibly lead to the washout of
small scale structures. The most stringent limit results from the Lyman-α forest and we found
a lower bound on the DM mass of ms & 12 keV 3,5 .
Indirect constraints. Additionally, we checked for different indirect constraints. For the
leptonic case, we can exclude any violation of the muon life time 6 or lepton flavour violation
observables 7 , as the DM particle generally interacts too feebly to make any significant impact.
Furthermore, we do not expect any relevant contributions to electroweak precision observables,
as our vector-like fermion F does not mix with the SM fermions and is a SU (2)L singlet 8 . For
the hadronic case, we can further exclude any violation of current limits of meson-mixing or rare
meson decay constraints again due to the feeble interaction F − f − s. Moreover, effects on the
running of the strong coupling are not expected for masses of a few hundred GeV 9 .
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Collider constraints

For the leptonic case, as depicted in Fig. 1, the collider signature proceeds via Drell-Yan pairproduction of F and a subsequent decay into two leptons and two scalar singlets. Prompt
searches at LEP2 put a bound on mF > 104 GeV for the leptonic case. It has been shown
that prompt searches do not compete with dedicated LLP searches for cτ & 0.5 cm. For the
hadronic process, the production proceeds via s-channel gluon exchange or t-channel exchange
of F fermions and we similarly do not expect to be constrained by prompt searches.
Due to the feeble F − f − s coupling, the F → f s decay can be displaced or even happen
outside the detector. Depending on the lifetime and thus on the decay length of our LLP F , we
can distinguish between three main search strategies for both the leptonic and hadronic model:
Heavy Stable Charged Particles (HSCP). If the charged particle F is sufficiently long
lived, it will decay after having passed as Heavy Stable Charged Particle (HSCP) through the
tracker (or even the muon chambers). Hereby, the HSCP signature depends strongly on the
specific nature of F . As colour-neutral particle in the leptonic model, it would appear as ionizing track, while as colour-charged one in the hadronic model, it would hadronize into neutral
and/or charged R-hadrons. Being heavier than a SM particle, a HSCP can be distinguished
from background by its higher ionziation energy loss and, when decaying outside the detector,
by a longer time-of-flight (TOF) in the muon chambers in contrast to relativistic muons. Thus,
we distinguish between a tracker-only analysis with decays happening after the tracker and a
tracker+TOF analysis with the HSCP decaying after the muon chamber. The expected signatures of our models are comparable to those in 10,11 , in which limits on staus and stops were
set in a gauge mediated SUSY breaking model. We have recasted the limits of these two CMS
analyses (8 TeV analysis with 18.8 fb−1 10 and 13 TeV analysis with 12.9 fb−1 11 ). To account for
a finite lifetime of F , we rescaled our production cross section of F (which was computed with
MadGraph5 aMC@NLO). For further details, we refer to 3 . For the leptonic model, we found
that the 13 TeV tracker+TOF data is more constraining for larger cτ ≈ O(10m − 100m), while

the 8 TeV tracker-only data is more constraining for smaller cτ ≈ O(1m) due to more integrated
luminosity. As R-hadrons can flip their charge when traversing the detector, the tracker-only
selection may fail the tracker+TOF selection. Thus, the tracker-only analysis leads to the most
stringent constraints for the hadronic model.
Disappearing tracks (DT). For medium life times, searches for disapearing tracks (DT)
are relevant. Hereby, the LLP decays within the innermost tracker, while other decay products
either escape the detector without interaction (DM candidate) or are too soft to be reconstructed.
For our purposes we recasted two analyses of 13 TeV data of ATLAS (36.1 fb−1 ) 12 and CMS
(138.4 fb−1 ) 13 for an AMSB motivated scenario with mass degenerate lightest charginos and
neutralinos. The object to be identified is an isolated track reconstructed in the pixel and strip
detectors without any hit in the outer tracker (CMS) or a track with only hits in the pixel
detector (ATLAS). For further details on the selection criteria, we refer to 3 . However, we want
to note that ATLAS requires no activity in the muon system, such that our ATLAS limits correspond to BR(F → es) = 1.0. For recasting, generator-level efficiency tables depending on
the resonant mass and the lifetime are provided by the experimental collaborations 12,13 . The
number of events passing the selection criteria are obtained by the product of the production
cross section times efficiency and luminosity (N = σpp→FF̄ × ε(m, τ ) × L). As expected by the
general experimental features, our results show that ATLAS leads to stronger exclusion limits
for smaller decay lengths (e.g. excluding mF < 275 GeV for cτ ∼ 20cm), while CMS constrains
more efficiently larger decay lengths (e.g. excluding mF < 335 GeV for cτ ∼ 1m).
Displaced lepton searches (DL). In case of the leptonic model and smaller expected
lifetimes, the decay F → `s is expected to take place as displaced lepton (DL) decay within the
detector. In that case, the CMS searches for non-prompt R-parity violating SUSY decays (e.g.
t̃1 → b`) with oppositely charged, displaced muons and electrons at 8 TeV with 19.7 fb−1 14
and at 13 TeV with 2.6 fb−1 15 can constrain our model. As these searches are maximally
sensitive for yse ≈ ysµ , our results depend on the final branching ratios. For the event selection
exactly one muon and one electron
q is required. The decay of the LLP has to happen within
a distance of Lz < 300 mm and L2x + L2y < 40 mm. Further details on the selection criteria
are given in 3 . We used MadGraph5 aMC@NLO to simulate the production of F and its
subsequent decay considering different branching ratios for the decay into muons or electrons.
We generated 200k MC events for each set of {mF , cτ }, applied the provided efficiencies and
the CMS event selection, in order to obtain the 95 % C.L. exclusion limits for our leptonic model.
Displaced vertices plus MET (DV+MET). In case of the hadronic model and smaller
expected lifetimes, displaced jets with missing energy can be searched for. ATLAS performed an
analysis with 13 TeV data and 32.8 fb−1 for a simplified split SUSY model, in which a long-lived
gluino hadronizes into an R-hadron and decays subsequently 16 . As selection criteria, multi-track
(≥ 5) displaced vertices in association with large missing transverse momenta (ETmiss > 250 GeV)
and a visible invariant mass greater than 10 GeV were required. We used MadGraph 5 and
Pythia 8 to simulate the production and decay of F . For hadronization, we used the Pythia 8
hadronization model for long-lived stops. We generated 50k MC events for each set of {mF , cτ }.
In order to account for detector response and event reconstruction, we applied the efficiencies
that are given as a function of vertex radial distance, number of tracks and mass 16 to our truth
signal MC events.
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Link to baryogenesis

In order to generate the baryon asymmetry of our universe (BAU), the three Sakharov conditions
have to be fulfilled: baryon number (B) violation, C and CP violation have to occur out of

equilibrium. Only B violation is sufficiently realised in the SM via sphaleron transitions which
are only active above a certain critical temperature T ∗ . Many models that explain the BAU, e.g.
leptogenesis, rely on active sphaleron interactions. In leptogenesis a lepton asymmetry is firstly
generated and then translated into a BAU via sphalerons. However, only if the lepton asymmetry
is generated above the critical temperature T ∗ , sphalerons are active and can generate the BAU.
Comparing with Eq. 3, we see that in case of an observation of a particle F with mass mF and
decay length cτ , we are left with the two free parameters ms and TR . Under the assumption
that ms contributes to DM, we can constrain the reheating temperature TR . For a conservative
estimate, we assume the lightest possible mass according to constraints from the Lyman-α forest,
ms = 12 keV, and can hence identify TR under the assumption that s makes up the full DM
density. Note, that a higher DM mass ms > 12 keV or the possibility that s only makes up a part
of the DM abundance, will imply an even smaller TR . If a possible observation indicates that
TR < T ∗ , sphaleron interactions will not be active. This would allow to exclude baryogenesis
and leptogenesis models with a critial temperature T ∗ that rely on active sphaleron transitions.
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Conclusions

In Fig. 2 and Fig. 3, we summarize our results for the leptonic and hadronic model, respectively.
For each type of analysis, we have created a single 95 % C.L “envelope” exclusion line, considering
the largest exclusion interval for cτ for each mF . For the detailed results of the single analyses
we refer to 3 . For comparison with possible model parameter values, we fixed the reheating
temperature to TR = 1010 GeV, much higher than all other scales in our model. For the mass
of the DM particle s, we have chosen three values ms = {12 keV, 1 MeV, 10 MeV}. The black
curves in Figs. 2 and 3 show the corresponding lines in the parameter space {mF , cτ } for which
the observed DM abundance is matched. When fixing the DM mass to the lightest possible
value ms = 12 keV, we show for three additional reheating temperatures TR = {50, 100, 160}
GeV the corresponding line in parameter space for the leptonic model. This demonstrates that
when measuring a particle F with mass mF decaying with a decay length cτ , we can extract the
highest reheating temperature possible. Note, that every DM mass heavier than ms = 12 keV,
would only lead to an even lower reheating temperature. If we find TR < T ∗ , with T ∗ being the
critical temperature at which sphalerons cease to be active in a specific model, we can falsify
these baryogenesis models. For the SM, T ∗ = (131.7 ± 2.4) GeV 17 , while other models can have
different critical temperatures, e.g. a supercooled scenario can feature a critical temperature as
low as T ∗ ∼ 50 GeV. As this interesting area is already excluded by displaced vertex searches
for the hadronic model, we show only TR = 160 GeV in Fig. 3. Similarly, we have performed an
extrapolation for the high luminosity LHC (HL-LHC), for which we refer to 3 . We found that
the HL-LHC will be able to almost fully cover the parameter space of the leptonic model for
TR ≤ 160 GeV by displaced lepton searches, except of a small area for mF & 800 GeV and very
small decay lengths.
This study clearly demonstrates the impact of LLP searches at the LHC for freeze-in models.
Especially, with the absence of DM signals from direct and indirect detection experiments, this
avenue of research is promising to explore in the near future.
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